ABSTRACT For the position and velocity tracking of multi-input and multi-output nonlinear dual-robot system with time delay and dynamic uncertainty, an adaptive fuzzy wavelet network sliding mode control scheme is proposed. The integral sliding mode is designed as the inputs of the controller to reduce the number of the inputs of the system and the fuzzy rules. Then, for the problems of time delay and unknown nonlinear dynamics of the system, a fuzzy wavelet network controller is designed combing the approximation ability of the fuzzy system with the learning ability of the wavelet network. Moreover, switching control is designed to reduce the approximation error. Finally, the adaptive laws are designed based on the Lyapunov function to adjust the parameters of the controller in real time. The performance of the proposed control is compared to that of the conventional adaptive fuzzy control in the experimental setup with the two Phantom Omni robots. The experimental results show that better joint position and velocity tracking can be achieved under time delay and dynamic uncertainty with the proposed adaptive fuzzy wavelet network sliding mode control.
I. INTRODUCTION
Dual-robot system has been widely used in the fields of hazardous materials treatment, seabed and space exploration, remote surgery and so on. Teleoperation system is one of the typical examples of dual-robot system [1] , [2] . Dual-robot system is of great significance for achieving heavy-load work, increasing the flexibility and reducing the complexity of the task. However, in dual-robot system, there will inevitably be time delay and unknown nonlinear dynamics, which will reduce the tracking performance of the system and even endanger the stability of the system.
In order to overcome the problems caused by time delay in dual-robot system, a variety of control approaches were adopted, such as passive-based control, small gain-based control, and linear matrix inequality (LMI)-based control. A wave-based time domain passive method for a four-channel
The associate editor coordinating the review of this manuscript and approving it for publication was Zhen Li. nonlinear dual-robot system with time delay was proposed to enhance the transparency while maintaining the stability of the system in [3] . In [4] , for the communication time delay in dual-robot system, a stability analysis method based on force feedback was proposed and a small gain framework was designed to ensure the stability of the system. In [5] , a control method based on differential equations for input and output stable small gain theorem was proposed to solve the problem of time delay in the communication channel of dual-robot system. In [6] , a LMI method was used to analyze the stability of the dual-robot system with time delay. In [7] , for the communication time delay in dual-robot system, a PD control based on LMI was proposed to improve the flexibility of the controller and achieve better performance. However, in all of the above work, it is assumed that the dynamic model of the system is accurately known, which is impossible for many practical dual-robot systems.
In order to effectively deal with the unknown nonlinear dynamics in dual-robot system while considering the time delay, different control schemes have been proposed, such as adaptive control, neural network control, fuzzy control and so on. In [8] , for the position/force synchronous control of dual-robot system with time delay, an adaptive control strategy was proposed to eliminate the nonlinear dynamic uncertainty of the master and the slave robots. In [9] , an adaptive task space synchronization control framework was proposed for dual-robot system with unknown dynamics, kinematics and communication delay to improve the efficiency of the controller. Nevertheless, in [8] , [9] , specific LMIs were needed to guarantee the stability of the system. In [10] , a delay-dependent control strategy was designed for dual-robot system with passive and constant input forces under time delay. The adaptive fuzzy wavelet network control terms were able to handle parameter uncertainties associated with the dynamic model of the master-slave robots. However, a large amount of input information was required by the fuzzy neural wavelet system, resulting in a large number of neurons and calculation. In [11] , a four-channel wave time-domain passivity method based on neural network was applied to estimate the dynamic uncertainty of the system, ensuring stability of the system and eliminating the delay. In [12] , an adaptive neural network synchronization control was proposed for the dual-robot system with constant time and unknown gap-like hysteresis. However, in [11] , [12] , the parameters of Gaussian functions were all chosen in advance and kept fixed. In [13] , an adaptive fuzzy control for nonlinear dual-robot system with time delay was studied to ensure the synchronization of the position and velocity of the master-slave manipulators. However, the system was stochastically stable in mean square under specific LMI conditions, and the parameters of fuzzy system were fixed.
Compared to the method used in [8] - [13] , adaptive fuzzy wavelet network sliding mode control combines the merits of fuzzy control, wavelet network control, sliding mode control and adaptive control, which can improve the learning ability and approximation of the controller and reduce fuzzy rules and calculations. In [14] , an adaptive fuzzy wavelet neural sliding mode controller was proposed for uncertain nonlinear systems. The proposed scheme consisted of an adaptive fuzzy wavelet neural controller and an adaptive proportional integral controller to improve the steady-state performance and transient-state response. In [15] , a nonsingular terminal sliding mode tracking control based on fuzzy wavelet network was proposed for a single robot with unknown dynamics. The controller combined the terminal sliding mode control and fuzzy wavelet network to accurately approximate the unknown dynamics of the robot system and improve the position tracking performance. In [16] , a robust adaptive control method based on dynamic structure fuzzy wavelet neural network was proposed for a single industrial robot with uncertainty and interference to compensate the structural and unstructured uncertainties. Nevertheless, it should be noticed that the control approaches in [14] - [16] were only for a general nonlinear system or a single robot system but not specifically for dual-robot system. Moreover, time delay was not addressed in [14] - [16] .
Consequently, the main contribution of this paper is to propose an adaptive fuzzy wavelet network control based on integral sliding mode for multi-input and multi-output nonlinear dual-robot systems with time delay and dynamic uncertainty. The integral sliding mode is used as the input of the controller, the role of which is to reduce the number of input and fuzzy rules of the system. For the problems of time delay and unknown nonlinear dynamics in the system, a fuzzy wavelet network controller was designed combining the approximation ability of the fuzzy system with the learning ability of the wavelet network. Furthermore, a switching control was designed to reduce the approximation error and improve the system accuracy. The adaptive laws were designed based on the Lyapunov function to adjust the parameters of the controller in real time. The feasibility of the proposed method is verified by experiments on a dual-robot setup.
This paper is organized as follows. In Section 2, the mathematical model of dual-robot system is described. In Section 3, an adaptive fuzzy wavelet network sliding mode control for dual-robot system is proposed. The experiments are conducted in Section 4. The conclusions are finally presented in Section 5.
Notation: Throughout this paper, some symbols can be explained as follows:
(1) The symbol (•) stands for the seeking product.
. . a n−1 a n .
(2) The symbol tr(•) means the sum of the diagonal elements in the matrix:
Let A ∈ R nxn be a matrix, then tr(A) = 
II. DYNAMIC MODEL OF DUAL-ROBOT SYSTEM WITH TIME DELAY A. DYNAMIC MODEL OF DUAL-ROBOT SYSTEM
The dynamic model of dual-robot system with two n-DOF robots can be described as follows [17] :
where i = 1, 2 denotes Robot 1 and Robot 2, respectively. q i ∈ R nx1 is the joint position of Robot i, i.e.,
denote the inertia matrix, the Coriolis and centrifugal matrix and the gravitational vector, respectively. For the dual-robot system, q ∈ R nx2 ,q ∈ R nx2 and τ ∈ R nx2 denote the joint position, joint velocity and control torque, VOLUME 7, 2019 FIGURE 1. Schematic of the time delay in dual-robot system.
respectively. Specifically, q = q 1 q 2 ,q = q 1q 2 and τ = τ 1 τ 2 .
B. TIME DELAY SIGNAL IN DUAL-ROBOT SYSTEM
As shown in Fig.1 , in dual-robot system the position signal q 1 (t) of Robot 1 is transmitted to Robot 2 through the forward channel, and the position signal q 2 (t) of Robot 2 is transmitted to Robot 1 through the backward channel. In both communication channels, time delay is generated while the signals are being transmitting. Therefore, the delayed signals
can be expressed as follows:
where 
III. DESIGN OF THE ADAPTIVE FUZZY WAVELET NETWORK SLIDING MODE CONTROL
The block diagram of the proposed adaptive fuzzy wavelet network sliding mode control for dual-robot system is shown in Fig.2 , where i = 1, 2 represents Robot 1 and Robot 2, respectively. The integral sliding mode function s i is designed as the inputs of the controller. For the time delay T i and unknown nonlinear dynamics of the system, the fuzzy wavelet network control law τ fi is designed combining with the approximation ability of the fuzzy system and the learning ability of the wavelet network to improve the approximation ability and the approaching speed of the system. The switching control law τ vsi is designed to compensate the error between the actual control torque τ i and the approximation control torque τ fi to improve the tracking accuracy of the joint position and velocity of the dual-robot system. The adaptive laws are designed based on the Lyapunov function to adjust the weight parameters W i , center parameters c i and width parameters b i of the controller in real time. 
A. DESIGN OF THE INTEGRAL SLIDING MODE
Firstly, define the joint position tracking error e i (t) of the dual robot control system as:
Next, define the integral sliding surface as: (6) where k 1 and k 2 are positive constants. When the sliding mode control is in an ideal state, i.e., s i (t) =ṡ i (t) = 0, we have:
By determining k 1 and k 2 , the tracking error will approach zero. From (7) the actual control torque τ * i of the robot can be obtained as: (9) In (8) and (9), since M i (q i ), C i (q i ,q i ) and G i (q i ) are unknown, the actual control torque τ i * is difficult to achieve. Therefore, a fuzzy wavelet network approximation method will be proposed in the following to obtain the approximation value of the actual control torque τ i * .
B. DESIGN OF THE FUZZY WAVELET NETWORK CONTROLLER
The proposed fuzzy wavelet network is a combination of wavelet network and Takagi-Sugeno-Kang (TSK) fuzzy system [18] as shown in Fig. 3 . The structure can be divided into four layers: The first layer is the input layer and the input signal is buffered. The second layer is the fuzzification layer and the input signal is blurred. The third layer is the fuzzy 
where j=1, 2, . . . , n 1 is the number of fuzzy rules, A 
where c i,j and b i,j are the width parameter and center parameter of the Gaussian function, respectively. Next, in the fuzzy rule layer, the trigger strength µ i,j (s i ) under the j th rule and the fuzzy wavelet basis function y i,m,j are calculated, respectively, as follows:
In the fuzzy wavelet basis function, the wavelet function is selected as the Mexican hat function, i.e.,
. In addition, W i,j,m is the weight coefficient which represents the credibility of each rule.
Finally, defuzzified by barycentric method [19] , the output of the system τ fi,m can be obtained as:
Equation (13) can be rewritten as:
where According to the approximation theory of fuzzy wavelet network systems [20] , there exits an optimal fuzzy wavelet network system τ fi * (s i , W i , u i ) that approximates the actual torque τ i * .
where ε i is the approximation error.
Substituting (14) into (15), we can get:
Using fuzzy wavelet network system to approximate the actual torque τ i * , the estimated torqueτ fi can be obtained as follows:τ fi =Ŵ T iû i (17) whereτ fi ,Ŵ i andû i are the estimated values of τ fi , W i and u i , respectively.
By using the switching control law τ vsi to compensate the error between the actual torque τ i * and the approximation control torque τ fi , the total control law τ i is designed as:
C. DESIGN OF THE ADAPTIVE LAWS AND SWITCHING CONTROL LAWS
Define the estimated errorτ fwnni of τ fi * (s i , W i , u i ) as:
Combining (19) with (15), we can get:
Define the estimated error of the weight parameterW i and the estimated error of the fuzzy wavelet functionũ i as (20) can be rewritten as:
Using the Taylor series expansion linearization technique [21] to transform the nonlinear functionũ i into a partial linear form, we have: According toṡ i =ë i (t) + k 1ėi (t) + k 2 e i (t) and (1), we can get the actual control torque τ i * as:
According to (5) and (6), (23) and (24) can be rewritten as:
Combining (25) and (26) with (18), we can get the derivative of sliding mode functionṡ i as:
Now, consider the Lyapunov function as:
where
(34)
where λ 1 , λ 2 , λ 3 and λ 4 are positive constants, E 1 and E 2 are switching gains,Ê 1 andÊ 2 are estimated values of E 1 and E 2 ,respectively.Ẽ 1 andẼ 2 are estimated error of E 1 and E 2 ,respectively, i.e.,Ẽ 1 =Ê 1 − E 1 ,Ẽ 2 =Ê 2 − E 2 . Differentiating (29), we get:
Differentiating (32) and (34), respectively, we have:
Substituting (27) and (28) into (32), and substituting (27) and (28) into (34), we can get:
Substituting (21) and (22) into (39), and substituting (21) and (22) into (40), we can get:
To guaranteeV 1,1 ≤ 0 andV 2,1 ≤ 0, the adaptive laws of fuzzy wavelet network controller can be designed as:
Design the switching control laws as:
Substituting (43) and (45) into (41), and substituting (44) and (46) into (42), (37) and (38) can be rewritten as:
Since it is difficult to determine the switching gains E 1 and E 2 , they can be replaced by their estimated valuesÊ 1 andÊ 2 , respectively. Thus, (45) and (46) can be written as:
Theorem 1: For the dual-robot system with time delay and dynamic uncertainty (1)- (2), considering the fuzzy wavelet network control law (17) and the switching control laws (45)-(46) are designed, the parameters of the fuzzy wavelet network controller are adjusted by the adaptive laws (43)- (44), and the parameters of the switching controller are adjusted by the adaptive laws (49)-(50), then joint position and velocity tracking can be achieved under time delay and dynamic uncertainty.
Proof: Combining (47)- (50) with (31)- (35), we can get:
Design the adaptive laws of the switching gains as:
Substituting the adaptive laws of the switching gains (53) and (54) into (51) and (52), respectively, and then combining with (36), we can obtain the derivative of (29) as: Since V = V 1 + V 2 ≥ 0 andV ≤ 0,W i ,c i ,b i and E i are bounded, and the integral sliding mode function s i can reach a small area close to zero on the sliding mode. According to (5) and (6) , by selecting appropriate parameters k 1 and k 2 , the position tracking error e 1 and e 2 and the velocity tracking errorė 1 andė 2 can be bounded. Moreover, when the time approaches infinity, e 1 , e 2 ,ė 1 andė 2 can converge in a small area close to zero. Thus, it is proved that the dualrobot system is stable under the fuzzy wavelet network sliding mode control and the adaptive laws.
IV. EXPERIMENTS
Experiments are conducted on a dual-robot setup consisting of two Phantom Omni robots (SenSable Technologies, MA, USA, www.sensable.com).
A. EXPERIMENTAL SETUP
The two Phantom haptic robots are connected to a computer in a daisy chain configuration, i.e., the firewire cable of Phantom Omni1 is plugged to Phantom Omni2, and the firewire cable of Phantom Omni2 is plugged to the IEEE 1394 port of the computer. The experimental setup is shown in Fig. 4 .
As for Phantom Omni robot [22] , [23] , it is a small haptic device which has three actuated revolute joints as shown in Fig.5 . In order to simplify the calculation, we focus on the first joint and the third joint, while keeping fixed the second joint (i.e., q i2 = 0). Specifically, each matrix and vector for the Phantom Omni robot can be expressed as follows [24] :
Defining the vector V i as the sum of the Coriolis, centrifugal and gravity forces, we have
Here, a 1 . . . a 8 are constants. The parameter values of Phantom Omni robot are as shown in TABLE 1.
B. EXPERIMENTAL RESULTS
The performance of the adaptive fuzzy wavelet network control is compared to that of the conventional adaptive fuzzy control in the experiments. Specifically, the conventional adaptive fuzzy control controller is as follows:
where γ is a constant, O and Q are constant matrix and P = lyap(O,Q). i is the weight parameter of the fuzzy system and i is the fuzzy vector of the fuzzy system. e i is the position tracking error of the system, i.e., e 1 (t) = q 1 (t) − q 2 (t − T 2 ) , e 2 (t) = q 2 (t) − q 1 (t − T 1 ) .
In the experiments, we take O = The experimental results of the joint position tracking and velocity tracking are shown in Fig. 6-Fig.9 . As can be seen from Fig.6 , when the conventional adaptive fuzzy control is adopted, the position tracking of joint 1 of both robots is achieved in about 1.5s, and the position tracking of joint 3 is achieved in about 2.5s. However, from Fig.7 it can be seen that when the proposed adaptive fuzzy wavelet network sliding mode control is adopted, joint 1 of both robots maintains tracking in approximately 1.3s and joint 3 maintains tracking in approximately 0.6s. In addition, compared to the conventional control, the tracking errors of the proposed one are significantly smaller.
As can be seen from Fig.8 , when using the conventional adaptive fuzzy control, the velocity tracking of joint 1 of both robots is achieved in about 1.5s, and the velocity tracking of joint 3 is achieved in approximately 2s. Comparatively, from Fig.9 , it can be seen that with the proposed adaptive fuzzy wavelet network sliding mode control, the velocity tracking of joint 1 of both robots is achieved in about 1.3s, and the velocity tracking of joint 3 of both robots is achieved in about 0.6s. The velocity tracking errors of both joint 1 and joint 3 are obviously smaller and the adjustment time is shorter. In order to further quantitatively analyze the joint position tracking error and velocity tracking error with the two control schemes, comparisons are made in TABLE 3, where the errors are calculated as e q 1 = q 21 − q 11 , e q 3 = q 23 − q 13 , eq 1 =q 21 −q 11 , eq 3 =q 23 −q 13 .
From TABLE 3, it can be seen that When the conventional control is adopted, the position tracking error of joint 1 between the two robots is 0.340, the position tracking error of joint 3 is 0.270.There are obvious velocity tracking error of both joint 1 and joint 3. Comparatively, when the proposed control is adopted, the position tracking error of joint 1 between the two robots is 0.018, the position tracking error of joint 3 is 0.009, and the velocity tracking error of joint 1 and joint 3 approaches 0. In a conclusion, when the proposed control is adopted, the joint position tracking error and velocity tracking error can effectively be reduced. Furthermore, the adjustment time is shorter.
V. CONCLUSIONS
In this paper, an adaptive fuzzy wavelet network sliding mode control scheme is proposed for multiple-input and VOLUME 7, 2019 multiple-output nonlinear dual-robot system. The integral sliding mode is designed as the inputs of the controller to reduce the number of the inputs of the system and the fuzzy rules. Then, for the time delay and unknown nonlinear dynamics of the system, a fuzzy wavelet network controller is designed. Moreover, a switching control is designed to reduce the approximation error. Finally, adaptive laws are designed to adjust the parameters of the controller in real time. The experimental results show that the proposed adaptive fuzzy wavelet network sliding mode control can achieve better tracking of joint position and velocity under time delay and dynamic uncertainty. The extension of the presented techniques to implement force haptic feedback remains as future work.
